A salt-induced cooperative conformational transition of a synthetic DNA, poly(dG-dC), is reversed by addition of ethidium bromide. Binding of the dye at high salt concentrations is highly cooperative. Circular dichroism spectra of the complex and the kinetic data support a model for this cooperative binding that is formally equivalent to the "allosteric" one proposed for oligomeric proteins by Monod et al. Thus, double-helical DNA of at least one defined sequence can undergo a cooperative conformational change in solution, with simple salts and drug molecules as antagonistic effectors. Such transitions may be involved in regulatory phenomena operating directly at the level of nucleic acid structure.
The alternating synthetic polynucleotide, poly(dG-dC), changes at neutral pH in a highly cooperative way from one double-helical form to another when the salt concentration is increased above 2.5 M NaCl (1, 2) . This conformational transition between the low-salt "R-form" and the high-salt "L-form" is characterized by an inversion of the circular dichroism spectrum and a redshift of the UV absorption spectrum. The transition after a shift of the salt concentration follows first-order kinetics and is rather slow, occurring at room temperature over several minutes (2) .
To obtain information about the molecular properties of these two double-helical structures we have studied the binding of ethidium bromide at low-and high-salt concentrations. Ethidium bromide binds to double-stranded polynucleotides, presumably by intercalation (3, 4) . The drug and related molecules also have been used in fluorescence staining of chromosomes (5, 6) . Striking and reproducible banding patterns have been observed. The presence of bands of varying intensity in chromosomes may be due to not only different base composition (7) but also to different conformational states of the DNA. The R-L transition of poly(dG-dC) enables us to examine the interaction of drug molecules with different double-helical structures in solution.
MATERIALS AND METHODS
Poly(dG-dC) was synthesized with Escherichia coli DNA polymerase I and was characterized by nearest-neighbor analysis, the melting behavior, and molecular-weight determinations (2) . The molar extinction coefficient at 255 nm is 7.1 X 103. Two samples were used that had sedimentation coefficients, s2o,0,, of 1.8 S and 6.3 S in alkaline solution and 2.8 S and 6.5 S in neutral solution. These values correspond to. double-stranded structures with about 20 and 400 nucleotides per strand, respectively (2, 8) . The above samples, therefore, are referred to as (dG-dC)ii and (dG-dC)ilj. Ethidium bromide was a gift from Boots Pure Drug Co. and has a molar extinction coefficient E480 nm = 5450 M-1 cm-' (9) . Solutions contained 20 mM Na-phosphate (pH 6.8) and 2 (3, 4) . Fig. 1 shows the changes in the optical properties of the dye upon binding to poly(dG-dC).
There are hypochromic and bathochromic shifts in the absorption spectrum (Fig. la) (---) and bound to poly(dG-dC) ( ). The ratio of the excitation (I) and absorption spectra (A) are also shown for the free (0 O) and bound dye ( .... ). This function is independent of wavelength for a species with constant quantum yield and polarization of fluorescence in the absence of energy transfer. All data for the free dye are shown on a 10-fold expanded scale. Spectra were obtained in 1.0 AI NaCl (pH 7.0) containing either 51 MM ethidium bromide and/or 107 MM (dG-dC)Fo-in cuvettes with a 5-mm light path. The fraction of bound dye was calculated to be 0.39 from the difference spectra at 284 and 470 nm. Fluorescence excitation and emission spectra were instrumentally corrected to constant illumination intensity and overall detector sensitivity. They were additionally corrected for selfabsorption effects but not for variation in emission polarization as a function of excitation wavelength. Spectra for the bound dye were derived from measured curves by correction for the presence of unbound dye. The emission was measured at 600 nm for excitation spectra; emission spectra were obtained with excitation at 511 nm. (Ordinate is given in arbitrary units.) increases greatly-about 15-fold at 600 nm-and the emission peak is blueshifted about 10 nm, a finding not reported for natural DNA (4). The corrected excitation spectra correlate well with the absorption spectrum for the free dye (see ratio in Fig. lb ), but there is clear evidence for energy transfer from DNA in the ultraviolet, as best seen by the peak at 255 nm for the ratio. The excitation peak at 520 nm for the bound dye is, however, consistent with the derived absorption spectrum. Part of the variations in the apparent quantum yield are due to polarization changes (Fig. lb) . The optical properties of bound ethidium bromide at high-salt concentrations are very similar to those at 1 M NaCl.
Ethidium bromide cosediments with poly(dG-dC) upon centrifugation. This observation constitutes more direct physical evidence for the binding process. The sedimentation coefficient of (dG-dC)woi decreases by about 20% upon saturation with ethidium bromide.
Equilibrium data obtained by different methods for binding of ethidium bromide to (dG-dC)-ii in 1 M NaCl are given in Fig. 2 as a Scatchard plot. The binding isotherm is a straight line, a finding consistent with a simple binding phenomenon, as is the occurrence of a single relaxation process in temperature-jump experiments. The data in Fig. 2 were obtained at low ethidium bromide concentrations in order to avoid corrections for self-association of the dye in solution. (If a dimerization model is assumed, the corresponding equilibrium constants were determined to be about 2.1 mM in 1 M NaCl and 0.8 mM in 4.4 M NaCl.) The dissociation constant of ethidium bromide from poly(dG-dC), as determined from the slope of the Scatchard plot, is 12 + 2 MAM referred to the concentration of binding sites. This value is consistent with an independent determination in preliminary relaxation experiments and also agrees with data reported for natural DNA of different base composition (4) .
The stoichiometry of binding obtained by optical titration, gel filtration, and analytical centrifugation is one molecule of ethidium bromide per 2.1 ± 0.2 base pairs.
Repetition of these measurements in 4.4 M NaCl, where poly(dG-dC) is in the L-form, leads to strikingly different binding behavior of ethidium bromide. Fig. 3a gives as an example the differences in the absorption of solutions containing different amounts of (dGAC)2-00 and at various concentra-Proc. Nat. Acad. tions of ethidium bromide. In Fig. 3b, concentration. For molecules with a small number of binding sites, however, it may become necessary to modify this assumption to take into account end-effects. From this model, the formalism already developed for oligomeric proteins is easily applied (13) (14) (15) (16) (17) . For example, the degree of saturation, Y, is given by (13) Qualitatively, the binding data at high-salt concentration can be interpreted as follows: ethidium bromide binds only weakly to the L-form but strongly to the R-form, and in this way shifts the conformational equilibrium to the R-form. Two of the predictions following from such a mechanism are: (i) At saturating ethidium bromide concentration, i.e., a» > 1 and an >> K0RL, we expect from the mass action law that most of the molecules will be in the Rn-form if c << 1. Therefore, the structure of the complex of poly(dG-dC) with ethidium bromide under these conditions should be the same at high-or low-salt concentrations. (ii) The first-order kinetics of the conformational change should be observable by the change of absorption or fluorescence, since appreciable binding will occur only after molecules have changed to the high affinity R-form.
Based upon previous kinetic results for the Ro =± Lo transition, we expect changes in the optical properties of ethidium bromide to occur in the range of minutes.
Circular Dichroism Data. To check prediction (i) of this model, we measured CD spectra, since they are sensitive indicators of helical structures in solution. Measurements were made in the absence and at near saturating concentrations of ethidium bromide (Fig. 4) . In 1.0 and 4.4 M NaCl, the spectra are different in the absence of ethidium bromide, but they become similar at high concentrations of the dye. Small differences between spectra (c) and (d) of the complex in the presence of low-and high-salt concentrations, respectively, may be due to the different solvent conditions. This substantiates the expectation that the complex has similar structures whether one works under conditions where the Ror the L-form prevails in the absence of the drug. Such a conclusion can also be drawn from the overall change in absorbance upon binding at high-salt concentration (Fig. 3a) .
Kinetic Experiments. An example of the time-dependent change of fluorescence at high-salt concentration after addition of ethidium bromide is shown in Fig. 5a . The reaction is represented mostly by a simple exponential curve. From dIj/dt = (I=o -Igo,) exp(-t/Tr), the relaxation time, To is obtained from the slope of a semilogarithmic plot (Fig. 5b) . The relaxation times are 102-103 sec and are independent of the poly(dG-dC) concentration over a 20-fold range. This result is expected if the rate-determining step is the conformational change of the nucleic acid, occurring as an "all-or-none" transition (2) .
If all binding processes are fast compared to the conformational changes of the polynucleotide, as indicated by temperature-jump experiments at 1 M NaCl of the binding to the Rform, the relaxation time, T, for the isomerization at high ratios of ethidium bromide to nucleic acid (buffered in ethidium bromide) is related in a simple way to the ethidium bromide concentration (17) collected in Fig. 6 . The reciprocal relaxation time shows a minimum near half-saturation; it increases with the 4th power at high-dye concentration and extrapolates at low ethidium bromide concentration to a value that is the same as that obtained from direct measurements of the transition kinetics by shifts in the salt concentration (2) . Such a correspondence of the extrapolated relaxation time with the one measured directly in the absence of ethidium bromide strongly supports the proposed mechanism.
Due to the heterogeneity of (dG-dC) 10 ,gM, c < 0.01, and = 0.3-0.5.
The "allosteric constant," K0RL = koRL/koLR, agrees with the one determined directly from the salt-induced transition (2) . Since KR shows no salt dependence between 0.6 and 2.0 M NaCl, a value of 20 ,uM for 4.4 M NaCl is reasonable. The parameter, KL = KR/c > 2 mM, implies that binding of ethidium bromide to the L-form is weak or nonexistent and is consistent with the observation that at 40 ,uM ethidium bromide no initial fast binding could be detected after the L-form was mixed with ethidium bromide.
At high degrees of saturation (Y > 0.5) a systematic deviation of the model calculation from the experimental data (Fig. 3b) 
